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Seismic anisotropy records both the past and present deformation inside the solid Earth. In the mantle, 
seismic anisotropy is mainly attributed to the lattice preferred orientation (LPO) of mineral fabrics, caused 
by the shear deformation due to mantle ﬂow. However, contributions from different tectonic processes 
remain debated, and a single geodynamic model that simultaneously explains the observed mantle 
structures and various seismic anisotropy measurements is still lacking. Here, we present a model for the 
Cenozoic subduction history in South America using a geodynamic simulation constrained by both past 
plate reconstructions and present mantle seismic structures. With a recently developed software package 
DRexS, we further predict azimuthal seismic anisotropy at different depths and generate synthetic shear 
wave splitting (SWS) measurements using the resulting mantle ﬂow. Our results provide a good match 
to both depth-dependent surface wave anisotropy and various land-based SWS records. We ﬁnd that 
the dominant control on seismic anisotropy in South America comes from subduction-induced mantle 
ﬂow, where anisotropy below the subducting Nazca Plate aligns with plate-motion-induced Couette ﬂow 
and that below the overriding South American Plate follows slab-induced Poiseuille ﬂow. This large-scale 
mantle ﬂow can be diverted by secondary slabs, such as that below the Antilles subduction zone. In 
contrast, the contribution to SWS from fossil continental anisotropy and from the effects due to mantle 
ﬂow modulation by lithosphere thickness variation are minor. Upper-mantle fast seismic anomalies 
beneath the southern Atlantic margin should have close-to-neutral buoyancy in order to satisfy the 
observed seismic anisotropy.
Published by Elsevier B.V.1. Introduction
Seismic anisotropy is deﬁned as the dependence of wave speed 
on the direction of seismic polarization and wave propagation. It 
has been generally attributed to lattice preferred orientation (LPO) 
of anisotropic minerals (Nicolas and Christensen, 1987; Zhang and 
Karato, 1995; Kaminski and Ribe, 2001) or shape preferred orienta-
tion (SPO) of locally concentrated isotropic materials with distinct 
elastic properties (Mainprice and Nicolas, 1989; Kendall and Silver, 
1996). Since the ﬁrst observation of seismic anisotropy made by 
Hess (1964), an enormous amount of research has been done both 
globally and regionally. However, the origin of seismic anisotropy 
remains debated and the proposed causes of anisotropy vary from 
place to place (Long and Silver, 2009; Long and Becker, 2010).
By analyzing shear wave splitting (SWS), Silver and Chan (1991)
and Silver (1996) argued that the fast-polarization direction in sta-
* Corresponding author.
E-mail address: jhu16@illinois.edu (J. Hu).http://dx.doi.org/10.1016/j.epsl.2017.04.027
0012-821X/Published by Elsevier B.V.ble continents correlated well with tectonic structures in the crust, 
implying that “frozen anisotropy” (e.g. Ismaıl and Mainprice, 1998) 
imprinted by past crustal deformation was the dominant source. 
This idea was adopted in some regional studies, such as in SE 
Brazil (James and Assumpção, 1996) and Fennoscandia (Vecsey 
et al., 2007; Eken et al., 2010). In contrast, Vinnik et al. (1992)
and Fouch et al. (2000) analyzed SKS splitting in North America 
and argued that most of the anisotropy is parallel to the plate 
motion. Recent studies further invoked the role of lithosphere 
thickness variation in the formation of SWS (Fouch et al., 2000;
Assumpção et al., 2006; Wang et al., 2008; Assumpção et al., 2011;
Miller and Becker, 2012; Foster et al., 2014). For example, Fouch 
et al. (2000) and Wang et al. (2008) related the SWS to man-
tle ﬂow perturbed by the North American Craton and Colorado 
Plateau. Similarly, Assumpção et al. (2006, 2011) and Miller and 
Becker (2012) proposed the thick continental roots in South Amer-
ica modulate the anisotropy pattern by diverting mantle ﬂow 
below southeastern Brazil and northern South America, respec-
tively. However, SWS measurements have little depth resolution
14 J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24Fig. 1. Geological settings of South America. The topography and bathymetry are shown with background colors. The yellow bars represent the azimuthal anisotropy of 
Rayleigh waves at 200 km depth from Yuan and Beghein (2013), while the white bars are station-averaged shear wave splitting from Becker et al. (2012). Purple lines show 
slab depth contours represented by Benioff zones (Hayes et al., 2012). Dashed lines outline the shape of major cratons (modiﬁed from Loewy et al., 2004) in South America. 
SFC: Sao Francisco Craton. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)(Favier and Chevrot, 2003), which renders the associated tectonic 
interpretation non-unique.
Relative to SWS, surface wave and normal mode studies could 
better resolve the depth distribution of seismic anisotropy (Gung 
et al., 2003; Debayle et al., 2005; Marone and Romanowicz, 2007;
Yuan and Beghein, 2013). For example, Gung et al. (2003) mea-
sured radial anisotropy at depths from 250–400 km that recon-
ciles the discrepancy of different isotropic tomography models. 
Debayle et al. (2005) observed signiﬁcant azimuthal anisotropy be-
neath Australia at 175–300 km depths that correlates well with the 
present plate motion. By simultaneously matching waveforms and 
shear wave splitting data, Marone and Romanowicz (2007) pro-
posed a layered anisotropy structure in the cratonic part of North 
America, implying contributions from both the lithosphere and the 
underlying asthenosphere. Although with a likely different origin, 
a layered anisotropy structure was also observed in the Paciﬁc 
(Smith et al., 2004; Beghein et al., 2014), where the Paciﬁc upper 
lithosphere records the paleospreading direction, while anisotropy 
at greater depth reﬂects present-day plate motion. However, this 
interpretation was challenged by a more recent study by Lin et al.
(2016), who showed that the anisotropy at asthenosphere depth 
has a different fast direction from that due to present plate motion, 
and they attributed this to pressure-driven channel ﬂow beneath 
the ocean basin (e.g., Höink et al., 2012).The diverse observations of seismic anisotropy have propelled 
many geodynamic modeling efforts (Conrad et al., 2007; Conrad 
and Behn, 2010; Faccenda et al., 2008; Faccenda and Capitanio, 
2013; Becker et al., 2003, 2006a, 2006b, 2014). Conrad et al. (2007)
and Becker et al. (2003, 2014) built global mantle convection mod-
els based on seismic tomography. They demonstrated that LPO 
due to density-driven mantle ﬂow matches the observation of as-
thenospheric anisotropy beneath ocean basins, a better prediction 
than that only due to plate motions. By matching the SWS data 
at the South American–Caribbean plate margin, Miller and Becker
(2012) showed that mantle ﬂow in the region can be deﬂected by 
cratonic keels and nearby subduction zones, suggesting a signiﬁ-
cant effect of cratons on SWS. However, these studies only utilized 
instantaneous mantle ﬂow models when calculating LPO. In the-
ory, a time-dependent ﬂow is needed to accurately predict seismic 
anisotropy, due to the response of anisotropic minerals to the cu-
mulative strain (Ribe, 1992). Recently, such efforts have been made 
to account for both the deformation history and the full 3D strain 
ﬁeld (Faccenda and Capitanio, 2012, 2013).
In this paper, we simultaneously investigate the origin of sur-
face wave anisotropy and SWS data in South America (Fig. 1). We 
present a data-oriented convection model that simulates South 
American subduction since the Mid-Cretaceous. Then we use 
the resulting Cenozoic mantle ﬂow to generate synthetic seismic 
anisotropy that is subsequently compared with SWS measure-
J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24 15Fig. 2. Predicted slab geometry and mantle ﬂow from the time-dependent model with the plate reconstruction of Müller et al. (2008). (a) 3D representation of the geodynamic 
model at present day. The 3D isosurface with a non-dimensional temperature of 0.4 is shown with color representing depth. Oceanic plates and slabs are semi-transparent, 
while continents are entirely transparent. Green arrows represent velocity vectors in the mantle. The dashed line marks the location of the cross-section showing temperature 
(b) and viscosity (c). In (b), temperature is shown as the background color. Temperature contours are annotated with non-dimensional values. Continents have a similar 
temperature as the ambient mantle. In (c), both the depth-dependence and lateral variation of viscosity are shown. Continents are assumed to be compositionally strong. 
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)ments and surface wave anisotropy (Fig. 1). This new approach 
represents several potential advances from earlier modeling ef-
forts. First, our model utilizes time-dependent rather than instan-
taneous mantle ﬂow, and therefore is more appropriate for the 
prediction of LPO, which is intrinsically evolving with time. Sec-
ond, we employ a more accurate anisotropy generator by upgrad-
ing the 3-D DRex code implemented by Faccenda and Capitanio
(2013) to further consider the 4-D deformation history within 
a spherical Earth; this is more accurate than earlier anisotropy 
approximations using inﬁnite strain axes (ISA) or ﬁnite strain 
ellipsoid (FSE). Third, the subduction history and resulting slab 
geometry in our model are tightly constrained by past plate re-
constructions and present mantle structures (Hu et al., 2016;
Hu and Liu, 2016); the resulting mantle ﬂow should better rep-
resent the real Earth, compared to that estimated based on tomog-
raphy images or parameterized slab geometry.
Consequently, our new approach has the potential to recon-
cile existing uncertainties and to discover new insights on the 
origin of seismic anisotropy. Our results reveal a multi-scale man-
tle ﬂow pattern that is conﬁrmed by the seismic anisotropy data. 
At the plate-scale, a broad upper mantle poloidal ﬂow originated 
from both sides of the subducting Nazca slab dominates the entire 
region, as is opposed to the previously suggested plate-motion-
dominant origin. At local scales, this ﬂow is modulated by the 
secondary slab below the Antilles trench and by large-sized cra-
tonic keels within the continent, although the effect of the latter 
is relatively minor to ﬁt SWS. Both the predicted depth-dependent 
anisotropy within the region and the predicted SWS on land match 
observation very well, with the exception being SWS along the 
Nazca trench where the ﬁt is marginal. Therefore, our study sug-
gests a subduction-dominant mechanism for mantle deformation 
in South America.2. Methodology
In this section, we describe the methods used to generate 
mantle ﬂow and to calculate seismic anisotropy. These involve 
three open-source software packages, including 1) CitcomS (Tan 
et al., 2006; Zhong et al., 2008) that simulates mantle convec-
tion using data assimilation algorithms (Liu and Stegman, 2011;
Hu et al., 2016), 2) DRexS, an upgraded version of the original 
2-D DRex (Kaminski et al., 2004) and the recent version 3-D Rex 
(Faccenda and Capitanio, 2013), that now also calculates LPO based 
on time-dependent mantle ﬂow in spherical geometry, as well as 
3) FSTRACK (Becker, 2006), which is used to predict SKS with the 
elastic tensors produced by DRexS.
2.1. Calculating time-dependent mantle ﬂow
Following the modeling approach used in Hu et al. (2016), we 
simulate the South American subduction history since 100 Ma with 
data assimilation techniques. Both boundary conditions and main 
tectonic features assimilated in the subduction model were dis-
cussed in Hu et al. (2016) (Fig. 2). To reiterate, we take the plate 
motion history from a recent plate reconstruction (either Müller 
et al., 2008 or Müller et al., 2016; Fig. S2) as the surface veloc-
ity boundary condition, and use the seaﬂoor age from the same 
reconstruction to update the thermal structure of the oceanic litho-
sphere assuming a plate model (Hasterok, 2013). The initial condi-
tion is a mantle with a uniform temperature, with a prescribed 
plate thermal structure on top. Over time, oceanic plates subduct 
following the observed plate motion, and eventually lead to a com-
plex mantle structure as observed today (Hu et al., 2016).
The viscosity in the model is temperature-, pressure- and 
composition-dependent, with a pre-factor following a radial vis-
cosity proﬁle shown in Fig. S3b. This proﬁle includes a weak 
asthenosphere and a strong middle lower mantle as suggested 
16 J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24Fig. 3. The non-dimensional temperature ﬁelds at 450 km depth of the instantaneous models based on S40RTS (a) and SMEAN (b), and that of the time-dependent slab 
model (c). The temperature ﬁelds in (a) and (b) are directly scaled from tomography models S40RTS and SMEAN, respectively, while that in (c) is the model output. The 
ambient mantle temperature is 0.7. The anomalies with a higher temperature have positive buoyancy, while those with a lower temperature have negative buoyancy. In (a), 
the dashed circles highlight the anomalies that are likely delaminated lithosphere. In (c), solid rectangle highlights the slabs that are crucial for the ﬁt of SWS surrounding 
the Caribbean Plate.by recent petrological experiment (Marquardt and Miyagi, 2015)
and geophysical inversions (Rudolph et al., 2015). We use com-
positional tracers to deﬁne high-viscosity continent and cratons 
(Fig. 2c; Fig. S3a). Geometry of the cratons is based on Loewy et 
al. (2004). The maximum thickness of cratons is assumed to be 
250 km, while the rest of the continent is 100 km thick (Fig. S3a). 
Both the continent and the cratons are 1000 times stronger than 
the asthenosphere, which allows them to persist over the subduc-
tion history. To test the effect of cratons on SWS, we also run 
models without cratons for comparison. In these models, a uni-
form 100 km-thick continent is assumed.
Compared to Hu et al. (2016), this study covers a larger geo-
graphic region along the north–south direction, which now extends 
from 75◦S to 35◦N, while keeping the same east–west (260◦W to 
350◦W) and vertical (down to 2900 km depth) dimensions. This 
allows us to further consider the anisotropy within the Caribbean 
Sea that was close to the edge of the previous model. We also in-
creased the number of grids from 257 to 513 in the north–south 
dimension, where the increased resolution (∼23 × 27 × 8 km3) al-
lows us to better resolve the variation of mantle ﬂow along the 
Nazca trench and the east Caribbean trench.
In order to place this work in the context of previous studies 
(Conrad et al., 2007; Conrad and Behn, 2010; Becker et al., 2006a, 
2006b, 2014), we further construct tomography-based instanta-
neous models, with imposed plate motions. In these models, we 
only consider density anomalies below 300 km, which are scaled 
from the tomography model S40RTS (Ritsema et al., 2011) (Fig. 3a) 
or SMEAN (Becker and Boschi, 2002) (Fig. 3b), similar to previous 
studies. In these models, the same geometry of continent and cra-
tons (Fig. S3a) as that in the slab models is used.
2.2. Computing strain-induced LPO
The development of LPO in the upper mantle depends on sev-
eral deformation mechanisms, including plastic deformation, dy-
namic recrystallization, and grain-boundary sliding (Kaminski et 
al., 2004). Here, we use the kinematic model of Kaminski et al.(2004) that incorporates these deformation mechanisms to com-
pute the LPO using the constrained mantle ﬂow histories.
The computation of LPO (e.g. in Fig. S1a) is carried out by a 
FORTRAN code DRexS which is modiﬁed from 3-D DRex (Faccenda 
and Capitanio, 2013). DRexS is able to calculate LPO in spherical 
coordinates, allowing a seamless communication with mantle con-
vection models using CitcomS. In addition, it supports hybrid MPI 
and OpenMP. This signiﬁcantly speeds up the computation and 
enables the usage of the full memory across many computation 
nodes, which allow tracking elastic properties of the mantle with 
a relatively high resolution as presented here.
To calculate LPO, the code ﬁrst initializes a large number of La-
grangian particles representing mineral aggregates. The horizontal 
distance between these particles is 50 km and the vertical distance 
is 30 km. Each particle consists of 1000 crystals with 70% A-type 
olivine and 30% enstatite that are representative of a harzburgitic 
upper mantle (0–410 km) composition. Initially, these crystals are 
randomly oriented, forming an isotropic mantle. These particles are 
then advected in the evolving mantle ﬂow ﬁeld. The code solves 
the advection equation with a fourth-order Runge–Kutta scheme. 
As the mineral aggregates advect in the mantle, the orientations 
of these crystals change in response to shear deformation, gener-
ating LPO. When reaching the present day, the elastic tensor of 
each mineral aggregate is computed using a Voigt average of all 
crystal elastic tensors in the aggregate scaled by their volume frac-
tions. With the projection method of Browaeys and Chevrot (2004), 
the optimized transverse isotropy is extracted from the full elas-
tic tensor. As transverse isotropy dominates the anisotropic part 
of the full elastic tensor in upper mantle crystal aggregates, the 
magnitude and orientation of the symmetry axis of the trans-
verse isotropy, i.e. TI axis, outline the conﬁguration of the elastic 
anisotropy. Once the mineral aggregates advect below the depths 
of the 410-km phase transformation, the LPO of these aggregates 
will be reset to random orientations.
The TI axis of upper mantle aggregates approximately coin-
cides with the direction of maximum stretching, fastest seismic 
velocity and little SWS (Faccenda and Capitanio, 2013). When sub-
J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24 17Fig. 4. Different proxies of seismic anisotropy. Red arrows in (a) show velocity vectors, red bars in (b), (c) and (d) represent inﬁnite strain axes (ISA) of the velocity ﬁeld, 
the longest axes of ﬁnite strain ellipsoid (FSE) and TI axes of LPO, respectively. Results in (c) and (d) are based on temporally evolving mantle ﬂow during the past 40 Ma. 
The mantle fabrics are estimated using the same values of key model parameters as those in Faccenda and Capitanio (2013), including the dimensionless nucleation rate 
λ∗ = 5, the dimensionless “intrinsic” grain-boundary mobility M∗ = 10, the threshold volume fraction that triggers grain-boundary sliding χ = 0.3, and the relative strength 
of olivine slip systems yielding upper mantle A-type fabrics. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of 
this article.)horizontal, such TI axes deﬁne the orientation of the SKS fast com-
ponent and maximum SWS is expected. Conversely, sub-vertical 
TI axes yield little or no SWS for SKS waves. For all the time-
dependent models, we take the evolving mantle ﬂow ﬁelds from 
40 Ma to the present day to compute LPO. For the instantaneous 
models, we use the present-day mantle ﬂow to represent the ﬂow 
ﬁelds in the past 40 Myr, i.e. assuming the mantle ﬂow ﬁeld does 
not change since 40 Ma, and then take them as input to compute 
LPO.
2.3. Predicting SKS splitting
Using the software package FSTRACK (Becker et al., 2006b), we 
further compute synthetic SKS splitting at the same sites where 
SKS measurements are made. The code ﬁrst computes a synthetic 
seismogram and then uses the cross-correlation method (Menke 
and Levin, 2003) to determine SKS splitting. The cross-correlation 
method is similar to the transverse-component-minimization
method (Silver and Chan, 1991). It utilizes a grid-search approach 
to determine the splitting parameters (, δt), where  represents 
fast direction and δt splitting time. However, it is worth noting 
that in the presence of complex anisotropy, the two methods may 
disagree (Long and van der Hilst, 2005), and both of them may be 
inaccurate in certain situations (Long and Silver, 2009). In princi-
ple, the code should employ the same method to compute SKS as 
that used in observation. However, due to diﬃculties in classifying 
the SKS measurements calculated with different methods and in 
implementing all these methods including multichannel (Chevrot, 
2000) and cross-convolution (Menke and Levin, 2003), the code 
FSTRACK simply uses the cross-correlation method for all the cal-
culations. This approach is proved to be more robust compared 
with the transverse-component-minimization method (Vecsey et 
al., 2008).
To predict SKS splitting (Fig. S1b), the code ﬁrst gathers the 
elastic tensors of all upper mantle mineral aggregates from the 
output of DRexS that are located within a horizontal distance of 
50 km from each virtual seismic station and stack them into dis-
tinct layers below the station. Then it computes the harmonic 
response of an incident plane wave to the horizontal layers, as-
suming an incident angle of 5◦ that is typical for SKS waves. These 
harmonic responses are computed over a range of frequencies from 
0 to 25 Hz and are summed up to obtain a pulse of seismogram via 
inverse Fourier transformation. The synthetic seismogram is fur-
ther ﬁltered to construct SKS waves that have a frequency band of 0.1 to 0.3 Hz. Finally, the SKS splitting parameters are deter-
mined by the cross-correlation method (Menke and Levin, 2003). 
Since the SKS splitting parameters depend on back-azimuth given 
the presence of low-symmetry component of the elastic tensor or 
tilted hexagonal symmetry axis (Becker et al., 2006b), the code 
averages all the fast azimuths and delay times at each station mea-
sured by rotating the elastic tensors around the vertical axis for 
360◦ with an interval of 2◦ , which is equivalent to rotating the 
back-azimuth. The resultant mean fast azimuth and delay time rep-
resent the geometry of SKS splitting at that station.
3. Results
In this section, we present the geodynamic model with man-
tle ﬂow, the predicted seismic anisotropy at depths, and synthetic 
SWS measurements at stations where observations are available. 
By comparing the prediction with the observed anisotropy, we pro-
vide an explanation for the origin of the seismic anisotropy at 
various places across the study region.
3.1. Different proxies for seismic anisotropy
Various proxies have been used to represent the orientation 
of seismic anisotropy, including mantle velocity (e.g. Zandt and 
Humphreys, 2008; Assumpção et al., 2011), inﬁnite strain axis 
(ISA) (e.g. Conrad et al., 2007; Conrad and Behn, 2010), the 
longest axis of ﬁnite strain ellipsoid (FSE) (e.g. Becker et al., 2003), 
and LPO predicted by fabric development models (Becker et al., 
2006a, 2006b; Faccenda et al., 2008; Faccenda and Capitanio, 2013;
Becker et al., 2014).
However, these proxies use different assumptions and may be 
inconsistent with each other. To show the differences, we compare 
the four different proxies at 200 km depth (Fig. 4) computed from 
the same geodynamic model with a plate reconstruction of Müller 
et al. (2008). Although all four proxies show some consistencies in 
their overall patterns, they also show important differences (Fig. 4). 
For example, below the Nazca Plate and west of central Andes, the 
orientations of the proxies are noticeably different, where LPO ori-
entates along the east–west direction (Fig. 4d), velocity and FSE 
have a clear north–south component (Fig. 4a, c), and ISA shows 
somewhat random orientations (Fig. 4b). A similar conclusion can 
be drawn for the Amazonian craton: while both velocity and ISA 
have large values, FSE and LPO show little anisotropy, consistent 
with the lack of internal deformation within strong cratonic roots. 
18 J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24Fig. 5. Comparison of azimuthal anisotropy with the prediction from the time-dependent model using Müller et al. (2008). Observed azimuthal anisotropy (Yuan and Beghein, 
2013) at depths of (a) 150 km, (b) 200 km, (c) 250 km and (d) 350 km are shown as thin black bars, and the TI axes of predicted LPO are represented as thick red bars. 
The bold gray arrows indicate the dominant fast directions of azimuthal anisotropy for the adjacent regions. Yellow arrows in (a) indicate the present absolute plate motion. 
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)It is understandable that the velocity proxy is oversimpliﬁed, since 
formation of LPO depends on velocity gradient rather than veloc-
ity (Ribe, 1992; Kaminski et al., 2004). ISA cannot represent LPO 
in the regime of complex and rapidly varying mantle ﬂow, because 
it does not consider the ﬂow history (Kaminski and Ribe, 2002;
Conrad et al., 2007). Furthermore, dynamic recrystallization accel-
erates the alignment of olivine A axis with the maximum stretch 
direction (Faccenda and Capitanio, 2013); enstatite decreases the 
strength of anisotropy as its slow axis aligns with the fast axis of 
olivine (Ribe, 1992; Kaminski et al., 2004). The fact that DRexS in-
corporates these processes should yield more accurate LPO than 
that approximated by FSE. Therefore, we use LPO (represented by 
TI axes) for further analysis.
3.2. Surface-wave anisotropy
Surface wave studies have revealed signiﬁcant azimuthal aniso-
tropy in the upper mantle above the transition zone (Debayle et 
al., 2005; Debayle and Ricard, 2013; Yuan and Beghein, 2013;
Schaeffer et al., 2016). Here, we investigate the origin of the up-
per mantle anisotropy using an observationally constrained mantle ﬂow model with the plate reconstruction of Müller et al. (2008)
(Hu et al., 2016). Using the TI axes as the proxy, we derive the 
ﬂow-induced LPO at different depths (Fig. 5). Overall, the predicted 
LPO matches the surface wave anisotropy (Yuan and Beghein, 
2013) quite well at all depths. Degraded ﬁts occur near the model 
boundaries due to artiﬁcial return ﬂow and within western South 
America where orogeny- and subduction-related deformation and 
metasomatism may be important. This validates our attempt to un-
derstand seismic anisotropy using realistic geodynamic models.
Several interesting observations emerge from comparison of the 
azimuthal anisotropy with the predicted LPO (Fig. 5). First, at 150 
and 200 km depths, the orientation of azimuthal anisotropy from 
Nazca converges with that from Atlantic, forming a large radiat-
ing pattern emanating from the South American continent (bold 
arrows in Fig. 5a, b). This anisotropy geometry is also observed 
in other surface wave anisotropy studies (Debayle et al., 2005;
Schaeffer et al., 2016). This radiation pattern over the South Amer-
ica Plate is inconsistent with mantle ﬂow dominated by the ab-
solute plate motion that moves largely in one direction (e.g., 
Assumpção et al., 2011). Second, a continuous counter-clockwise 
J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24 19Fig. 6. A cross section at 15◦S of the ﬂow model in Fig. 5. (a) Cross-section of mantle velocity, with the background color representing the longitudinal (N–S) component of 
the velocity where the positive values represent southward. (b) and (c) are the zoomed-in cross sections beneath the Nazca Plate and the Atlantic Ocean, respectively, with 
the background color showing viscosity. For all the panels, white arrows represent the velocity components within the vertical plan.rotation of anisotropy orientation occurs from 150 to 350 km 
depths beneath the Nazca Plate, where the shallower east–west di-
rection rotates to a deeper north–south direction (Fig. 5b, c, d). The 
shallower azimuthal anisotropy largely follows the absolute motion 
of the Nazca Plate, while the deeper anisotropy becomes orthogo-
nal to plate motion (Fig. 1).
The prominent radiating anisotropy pattern could be natu-
rally explained using the subduction-induced poloidal mantle ﬂow 
(Fig. S4). Beneath the study region, we ﬁnd a prominent west-
ward converging asthenospheric channel ﬂow originated from the 
Atlantic Ridge to the South American subduction zone, and an 
eastward plate-driven ﬂow beneath the down-going Nazca plate. 
The former represents a typical Poiseuille ﬂow converging toward
the Andes (Fig. 6a, c), driven by the lateral pressure gradient above 
the concaved Nazca slab (Hu et al., 2016). The latter is a Couette 
ﬂow due to the viscous entrainment from the subducting oceanic 
plate (Fig. 6b). These plate-scale poloidal ﬂow ﬁelds form the ra-
diating pattern of azimuthal anisotropy (Fig. 5). The fact that this 
pattern only extends to ∼250 km depth (Fig. 5) may reﬂect the 
change of poloidal velocity direction due to the increasing viscos-
ity and different mantle buoyancy at greater depth (Fig. 2c). It is 
worth noting that the continental-scale asthenosphere ﬂow is per-
turbed by the strong cratonic roots within the continent and the 
secondary slab at the Antilles subduction zone, whose effects on 
seismic anisotropy is discussed later.
The depth-varying mantle ﬂow ﬁeld also explains the observed 
transition of azimuthal anisotropy beneath the Nazca Plate. At 
shallow depth (<200 km), mantle deformation is dominated by 
the eastward Couette ﬂow due to Nazca subduction (Fig. S4a, b), 
which leads to the east–west oriented fast direction (Fig. 5a, b). At greater depth (>200 km), the trench-parallel toroidal ﬂow and 
extension (Long and Silver, 2008; Faccenda and Capitanio, 2012)
beneath the retreating Nazca slab becomes dominant (Fig. S4c, 
d), resulting in the north–south oriented anisotropy (Fig. 5c, d). 
However, this trench-parallel ﬂow is of broad scale and asymmet-
ric below the northern and southern half of the South American 
trench (Fig. S4). This is because, ﬁrst, the slab (and the associ-
ated trench) geometry is asymmetric with a more curved shape 
in the northern side (Figs. 1 and 2); second, the northern half of 
the subduction zone has accumulated more slab material (Fig. 2a) 
at depths, which generates a stronger downward pull, drawing the 
mantle toward the north (Figs. 5 and S4).
These observations conﬁrm the dominant role of the down-
going slab in generating the observed seismic anisotropy. As dis-
cussed above, the overall pattern of seismic anisotropy is con-
trolled by the geometry of the slab instead of the absolute plate 
motion. To further validate this conclusion, we performed another 
geodynamic model that incorporates a different plate reconstruc-
tion (Müller et al., 2016). In this model, the South American Plate 
moves toward west–southwest at present (Fig. S5g–i), as is op-
posed to the northwest motion in Müller et al. (2008) (Fig. 5). And 
the velocity of Nazca Plate rotates clockwise from east–northeast 
in Müller et al. (2008) to east direction in Müller et al. (2016). In 
the new model, the depth-dependent ﬂow and anisotropy below 
South America remains largely invariant (Figs. S5g–i and S6g–i vs. 
Figs. 5 and S4). The passive asthenosphere ﬂow at 150 km depth 
below Nazca is slightly inﬂuenced by the plate motion (Fig. S4 vs. 
Fig. S6g–i), but it is not distinguishable from the predicted az-
imuthal anisotropy (Fig. 5 vs. Fig. S5g–i). This suggests that the 
present-day plate motion plays a minor role in deﬁning the az-
20 J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24Fig. 7. Misﬁt between the observed and predicted azimuthal anisotropy for two dif-
ferent geodynamic models. Solid lines show the misﬁt for the time-dependent slab 
model with Müller et al. (2008), while dashed lines show the misﬁt for the in-
stantaneous tomography (S40RTS)-based model. Green, blue and red lines represent 
the horizontal average for oceanic regions, continental regions and the entire model 
region, respectively. Stars and triangles with different colors show the volumetric 
average of misﬁt for different regions of the slab and tomography-based models, re-
spectively. (For interpretation of the references to color in this ﬁgure legend, the 
reader is referred to the web version of this article.)
imuthal anisotropy in the mantle. For the rest of the paper, we 
will focus on one of these models, given their overall similarity.
Another way to demonstrate the dominant role of the slab in 
generating mantle ﬂow is to compare the time-dependent slab 
model (Figs. 5 and S4) with an instantaneous model that is based 
on a buoyancy structure converted from seismic tomography such 
as S40RTS (Ritsema et al., 2011) (Figs. S5a–c and S6a–c) or SMEAN 
(Becker and Boschi, 2002) (Figs. S5d–f and S6d–f). Since predic-
tions from the two tomography-based models are similar, we only 
compare the S40RTS model with the slab model for the variation 
of misﬁt with depth (Fig. 7). The ﬁt to azimuthal anisotropy from 
the S40RTS model show a noticeable degradation at all depths 
(Fig. 7). The average misﬁt within the upper mantle beneath the 
entire region increases from 32.5◦ for the slab model to 41◦ for 
the S40RTS model; the misﬁt for oceanic regions degrades from 
30.5◦ to 42◦ . Here, we emphasize that the slab model has done 
a good job ﬁtting the observation, given the low lateral resolution 
of surface-wave anisotropy. In fact, most poor ﬁts occur near the 
boundaries of the model, due to edge effects of the regional model 
used here (Fig. 5).
In contrast, the tomography-based models have a relatively 
poor ﬁt even far away from the boundaries (Fig. S5). This is likely 
due to the fact that these global tomography models do not ac-
curately capture the slab structure (Fig. 3a, b) as that in the slab 
model (Fig. 3c). More importantly, the fast anomalies beneath the 
eastern South American Plate (outlined in Fig. 3a) are converted 
to high density structures in this calculation, similar to previous 
assumption of convective downwelling (King and Ritsema, 2000); 
these local convection patterns destroy the large-scale Poiseuille 
channel ﬂow excited by the Nazca slab, and thus degrade the ﬁt 
to seismic anisotropy. Therefore, an important conclusion is that 
these south Atlantic fast anomalies should have close-to-neutral 
buoyancy, implying a compositional instead of thermal origin. We 
suggest that future studies are needed to better evaluate their 
dynamic properties and tectonic implication. By comparing these 
models, we suggest that the slab plays a predominant role in shap-
ing the pattern of azimuthal anisotropy.3.3. Shear wave splitting
Relative to the azimuthal anisotropy, shear wave splitting (SWS) 
data provide a higher lateral resolution. The calculated synthetic 
SWS remarkably matches the observed data compiled by Becker 
et al. (2012) (Fig. 8), except for some regions along the subduc-
tion zone where the ﬁt is marginally good. This is likely due to 
the presence of other anisotropy sources not considered in this 
study, such as B-type olivine fabric or LPO of strongly anisotropic 
hydrous phases in the wet cold nose of the mantle wedge (Jung 
and Karato, 2001; Karato et al., 2008), as well as fossil fabrics, 
hydrated normal faults and laminated structures within the sub-
ducting slab (Faccenda et al., 2008; Sun et al., 2014). Here, we will 
focus on regions to the east of the Nazca–South America trench 
(Figs. 8 and 9).
3.3.1. SWS at the Caribbean–South American Plate margin
The tectonic setting of Caribbean–South American Plate margin 
is quite complex. To the east, the oceanic part of South Ameri-
can Plate is subducting beneath the Caribbean Plate at the Antilles 
subduction zone (Fig. 8). To the west, the Nazca Plate and Co-
cos Plate are subducting beneath South America and Caribbean 
Plates (Müller et al., 2008, 2016). The relative motion of Caribbean 
and South America created the San Sebastian–El Pilar right lat-
eral strike-slip system (Fig. 8) along the plate margin (Pérez et al., 
2001). Slightly to the south of this margin, the root of the Ama-
zonian Craton extends to at least 200 km depth (Ritsema et al., 
2011). The observed SWS demonstrates an overall east–west ori-
entation along this margin, while trench-parallel SWS dominates 
the Antilles subduction zone on the eastern side of the Caribbean 
Plate (Figs. 1, 8 and 9).
These observed SWS patterns are well reproduced in the slab 
models (Fig. 9b, c), with the best-ﬁt one being the time-dependent 
model based on Müller et al. (2016). By examining the mantle ﬂow 
in the upper mantle (Figs. S6g–i), we ﬁnd that the large-scale as-
thenospheric ﬂow converging toward the subducting Nazca slab is 
locally diverted by the slab below the Antilles trench, resulting in 
a strong focused east–west asthenosphere ﬂow with large veloc-
ity gradient below this region (Figs. S6g–i; black arrows in Fig. 9c). 
The predicted east–west SWS orientation in this region strongly re-
sembles observation (Fig. 9). This suggests the Antilles slab plays a 
key role in generating the observed SWS pattern in the region.
This conclusion can be further veriﬁed by comparing the in-
stantaneous models that are based on either the predicted present 
slab structure (Fig. 9b) or derived from seismic tomography (Fig. 9a 
and Fig. S7b). The prediction for SWS from the tomography-based 
models is signiﬁcantly worse than that from the slab model. This is 
mainly due to the fact that these global tomography models do not 
capture the slab structure surrounding the Caribbean Plate (Fig. 3), 
while the slab model closely resemble the slab structure revealed 
by regional tomography models (e.g. Benthem et al., 2013). How-
ever, compared with the time-dependent slab model (Fig. 9c), the 
instantaneous slab model has a notably worse ﬁt (Fig. 9b), which 
suggests that the past mantle ﬂow should be taken into account in 
complex tectonic settings.
Interestingly, we ﬁnd the effect of Amazonian Craton is minor 
in the formation of the observed east–west SWS pattern in the re-
gion, which contradicts to earlier studies (Assumpção et al., 2011;
Miller and Becker, 2012). This is revealed by the comparison of the 
best-ﬁt model with another model that only includes a 100 km-
thick uniform continent without any cratonic roots (Fig. 8). We ﬁnd 
the two models produce equally good SWS predictions (Fig. 8) in 
the plate margin. We notice that the velocity ﬁelds at the astheno-
spheric depths in this region are very similar with or without the 
cratons, suggesting the large-scale asthenosphere ﬂow is mainly di-
J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24 21Fig. 8. Comparison of the observed and predicted shear wave splitting for the slab model with the plate reconstruction of Müller et al. (2016). (a) shows the model that has 
a uniform 100 km-thick continent and does not include any cratons. (b) shows the model that includes the 250-km-thick Amazonian Craton and the Rio de la Plata Craton 
but not the Sao Francisco Craton. (c) shows the model that includes all three cratons. The dashed contours represent thick cratonic lithospheres included in this model. The 
angular misﬁt between observed (white bars) and predicted (color bars) station-averaged splitting is shown with different colors. Since the fast direction of SWS depends on 
the back-azimuth of the earthquake-station pair, we use the gray wedge to show the conﬁdence interval of the fast direction. This is represented by (mean − stdev, mean +
stdev), with mean and stdev representing the mean and standard deviation of the fast directions calculated by assuming the back-azimuth ranges from 0◦ to 360◦ with an 
increment of 2◦ , for each station. White boxes show the two zoomed regions in Fig. 9, with the numbers below indicating the mean angular misﬁts for the two regions. We 
refer to Miller and Becker (2012) for the format of this ﬁgure and Fig. 9.
Fig. 9. SWS ﬁtting for three different geodynamic models at the Caribbean–South American plate margin. (a) Instantaneous tomography (S40RTS)-based model, (b) instanta-
neous slab model, (c) time-dependent slab model. All the models use the plate reconstruction of Müller et al. (2016). In each subplot, the observed station-averaged splitting 
is colored by angular misﬁt. The predicted splitting is shown with white sticks with the gray wedges representing the conﬁdence interval of the fast direction. The black 
lines in (c) delineate the proposed ﬂow direction. (d–f) Same as (a–c), but for southeast Brazil.
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thick cratonic root in the south.
3.3.2. SWS in southeast Brazil
The tectonic setting of southeast Brazil is relatively simple due 
to its location at a passive margin. However, the relative contribu-
tions on SWS from cratonic root modulation (Figs. 1 and 8) and 
that from deeper mantle convection remain debated (Conrad et 
al., 2007; Assumpção et al., 2011). Another potential uncertainty 
is the contribution of fossil anisotropy from within the continental 
lithosphere (James and Assumpção, 1996; Marone and Romanow-
icz, 2007; Yuan and Beghein, 2013).
The SWS measurements in southeast Brazil demonstrate a clear 
local convergence from east to west (Figs. 1, 8 and 9). This obser-
vation is well reproduced in both slab models (Fig. 9e, f) with a 
regional average angular misﬁt of ∼22◦ , indicating the dominance 
of mantle ﬂow over fossil lithospheric anisotropy in deﬁning SWS, 
although the fossil anisotropy may explain local variations of SWS 
at a wavelength <100 km. We also notice that the SWS measure-
ments are best reproduced with a thin SFC lithosphere (Fig. 8b). 
The geometry and thickness of this small craton slightly affect the 
ﬂow pattern (Fig. S6g–i) and SWS prediction (Fig. 8b vs. Fig. 8c), 
with the thin-craton model producing a regionally averaged mis-
ﬁt at ∼19◦ (Fig. 8b), while that with a thick craton producing a 
larger misﬁt at ∼22◦ (Fig. 8c). This suggests that the un-modulated 
asthenosphere ﬂow can well explain the SWS, while a thick SFC 
lithosphere degrades the ﬁt. We suggest that the craton root of 
SFC is either absent or remobilized due to Cenozoic deformation.
More insights arise from comparing different models (Fig. 9d–f). 
The fact that both the time-dependent slab model and the instan-
taneous slab model well predict the regional SWS pattern (Fig. 9e 
and Fig. 9f) implies that anisotropy in simple tectonic settings can 
be well approximated by the present mantle ﬂow, as suggested by 
Conrad et al. (2007). In contrast, the tomography-based model pro-
duces a notably poorer prediction with an average misﬁt of ∼34◦
(Fig. 9d), which is likely due to the assumed negative buoyancy of 
the fast anomalies underneath and thus local convection patterns, 
as discussed earlier. This is further conﬁrmed in the calculation 
using SMEAN, which is smoother than S40RTS (Fig. 3a vs. Fig. 3b), 
resulting in improved orientations of predicted SWS (Fig. S7a vs. 
Fig. S7b). We emphasize that this does not support SMEAN as a 
better tomography image, since its apparent smoothness is due to 
lack of resolving power. Instead, this reinforces our earlier con-
clusion on the existence of compositional anomalies below the 
southern Atlantic margin. While further tuning the viscosity and 
density in such tomography-based calculations may improve the 
ﬁt as earlier studies implied (e.g., Becker et al., 2014), changes in 
these model parameters, especially viscosity, are unlikely to satisfy 
the time-dependent subduction history from this study. Therefore, 
we suggest that estimation of mantle ﬂow using tomography im-
ages is not a straightforward exercise.
4. Discussion and conclusion
In this study, we investigate the origin of seismic anisotropy in 
South America using data-oriented geodynamic models (Fig. 2). 
These models reveal the dominant role of subduction-induced 
mantle ﬂow in generating the observed azimuthal anisotropy 
(Yuan and Beghein, 2013) (Fig. 5) and shear wave splitting (Becker 
et al., 2012) (Figs. 8 and 9). Comparatively, other tectonic factors, 
including absolute plate motion, fossil lithospheric anisotropy, and 
cratonic root diverting ﬂow, play small to negligible roles in caus-
ing the observed anisotropy in South America. We also ﬁnd that 
mantle ﬂow estimated by converting tomography images to buoy-
ancy as traditionally done cannot accurately reproduce the pattern of seismic anisotropy, due to both its poor representation of slab 
geometry and the uncertain nature of non-slab seismic anomalies.
Furthermore, our results reveal two different ﬂow regimes for 
the development of mantle mineral fabrics: seismic anisotropy be-
low an active subducting plate usually follows the Couette ﬂow 
drive by absolute plate motion, while that below an overriding 
plate is more subject to the slab-induced Poiseuille ﬂow. This 
ﬁnding naturally explains the observation that seismic anisotropy 
aligns with absolute plate motions in the Australian Plate (Debayle 
et al., 2005) and plates within the Paciﬁc Ocean (Smith et al., 2004;
Becker et al., 2014), since all these plates represent subducting 
plates during the Cenozoic (Müller et al., 2016).
In comparison, mantle deformation beneath an overriding plate, 
such as South America, strongly relies on the past evolution and 
resulting geometry of the subducting slab. In South America, the 
upper mantle ﬂow converges toward the concaved Nazca slab 
to the west (Figs. 5 and S4). Consequently, the pattern of seis-
mic anisotropy may deviate signiﬁcantly from the recent plate 
motion. Another example is North America, where the observed 
anisotropy is sub-parallel to the absolute plate motion (Vinnik 
et al., 1992; Fouch et al., 2000; Marone and Romanowicz, 2007). 
Although North America has been an overriding plate since the 
Mesozoic, subduction along its west coast is close to an end, 
and the young subducting slab beneath the Paciﬁc Northwest is 
highly segmented (Liu and Stegman, 2011; Burdick et al., 2008;
Sigloch, 2011; Schmandt and Lin, 2014). Relative to the massive 
and continuous Nazca slab (Fig. 2), the slab below North America 
probably no long forms a large-scale Poiseuille ﬂow in the astheno-
sphere. Consequently, mantle deformation due to the plate motion 
plays an important role in generating the largely east–west ori-
ented seismic anisotropy below central and eastern North America 
(Vinnik et al., 1992; Fouch et al., 2000; Marone and Romanowicz, 
2007).
The large-scale Poiseuille ﬂow beneath an overriding continent 
also sheds light on the mechanism of plate motion. In South Amer-
ica, the fast motion of the large-scale asthenosphere ﬂow exerts an 
overall westward drag on the above lithosphere, which should con-
tribute to the westward drift of the South American Plate (Fig. 6). 
This scenario implies that the lithosphere and asthenosphere are 
likely coupled, consistent with the “basal drag” hypothesis (Gurnis 
and Torsvik, 1994; Alvarez, 2010; Becker and Faccenna, 2011;
Dal Zilio et al., 2017). However, we emphasize that the astheno-
sphere ﬂow may deviate from the absolute plate motion locally, 
as the latter is the manifestation of the net “basal drag” from the 
asthenosphere beneath the entire plate (Fig. 6).
Our models further demonstrate that cratons have small ef-
fects in SWS formation: in southeast Brazil, models with a thin 
Sao Franciscan Craton better ﬁt observation, and the ﬁt at the 
Caribbean–South America margin does not require a thick Ama-
zonian Craton (Fig. 8), which contradicts the earlier conclusions, 
made by Assumpção et al. (2006, 2011) and Miller and Becker
(2012), respectively. We emphasize that the cratons do change 
mantle ﬂow and the individual SWS prediction at some sites, such 
as those within and at the southeastern edge of the Amazonian 
Craton (Fig. 8). However, the regional behavior of SWS does not 
change much. This suggests that craton modulation of mantle ﬂow 
plays a minor role for SWS formation.
By simultaneously predicting the regional-scale azimuthal an-
isotropy and shear wave splitting in South America, these data-
oriented models also promise a better understanding of ﬁner-scale 
anisotropy such as that along subduction zones. Future modeling 
effects may focus on further addressing the sub-slab anisotropy 
(e.g. Lynner and Long, 2014), anisotropy in the mantle wedge (e.g. 
Nakajima and Hasegawa, 2004) and that within the slab (e.g. Eakin 
et al., 2016). It may also be necessary to further assimilate slow 
seismic anomalies in the current slab models, especially for regions 
J. Hu et al. / Earth and Planetary Science Letters 470 (2017) 13–24 23near hot spots (Ito et al., 2014) and mid-ocean ridges (Li and Det-
rick, 2003; French et al., 2013).
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